Defective intestinal epithelial tight junction (TJ) barrier has been shown to be an important pathogenic factor contributing to the development of intestinal inflammation. The expression of occludin is markedly decreased in intestinal permeability disorders, including in Crohn's disease, ulcerative colitis, and celiac disease, suggesting that the decrease in occludin expression may play a role in the increase in intestinal permeability. The purpose of this study was to delineate the involvement of occludin in intestinal epithelial TJ barrier by selective knock down of occludin in in vitro (filter-grown Caco-2 monolayers) and in vivo (recycling perfusion of mouse intestine) intestinal epithelial models. Our results indicated that occludin small-interfering RNA (siRNA) transfection causes an increase in transepithelial flux of various-sized probes, including urea, mannitol, inulin, and dextran, across the Caco-2 monolayers, without affecting the transepithelial resistance. The increase in relative flux rate was progressively greater for larger-sized probes, indicating that occludin depletion has the greatest effect on the flux of large macromolecules. siRNA-induced knock down of occludin in mouse intestine in vivo also caused an increase in intestinal permeability to dextran but did not affect intestinal tissue transepithelial resistance. In conclusion, these results show for the first time that occludin depletion in intestinal epithelial cells in vitro and in vivo leads to a selective or preferential increase in macromolecule flux, suggesting that occludin plays a crucial role in the maintenance of TJ barrier through the large-channel TJ pathway, the pathway responsible for the macromolecule flux.
INTESTINAL EPITHELIAL TIGHT junctions (TJ) act as an intercellular seal or gate, serving as a structural barrier against paracellular permeation of luminal antigens (23) . TJs are the apicalmost intercellular junctions, composed of thin protein complexes that completely encircle the apex of the cell and make contact with TJs of adjacent cells, forming a continuous paracellular seal (3, 23, 40) . Defective intestinal epithelial TJ barrier has been postulated to be an important pathogenic mechanism leading to the increase in intestinal antigenic penetration and subsequent development of intestinal inflammation (19, 23, 42) . In support of a central role in intestinal inflammation, previous studies in animal models of intestinal inflammation have shown that the enhancement of intestinal epithelial TJ barrier prevents the subsequent development of intestinal inflammation in interleukin (IL)-10-deficient mice and in immune-mediated intestinal inflammation (4, 8) . Moreover, clinical studies have also shown that the improvement of intestinal inflammation in patients with active Crohn's disease is associated with therapeutic retightening of intestinal TJ barrier (43) . The normalization of intestinal TJ barrier following medical therapy is associated with long-term clinical remission, whereas persistent increase in intestinal permeability portend poor clinical outcome (6, 18, 22) . The elucidation of the intracellular processes that lead to the defective intestinal TJ barrier and antigenic penetration is potentially important in developing future therapeutic strategies to prevent the TJ barrier disturbance and to induce retightening of the intestinal TJ barrier.
Occludin, the first transmembrane TJ protein to be identified, is a 65-kDa protein located at the TJ (13) . Occludin is a tetraspan protein with two extracellular loops, an NH 2 -and COOH-terminal cytoplasmic domains (13) . Earlier studies have shown occludin to be present in the TJ strands and to have a functional role in TJ barrier (36) . However, more recent studies in occludin knockout mice and embryonic stem cells (35) have suggested otherwise. These studies have shown occludin-deficient stem cells to form functional TJs and occludin knockout mice to be viable and to lack any noticeable defect in intestinal epithelial TJ morphology or barrier function (35, 36) , suggesting that occludin is not required for the TJ formation or the maintenance of barrier function. An important controversy persists regarding the functional role of occludin in TJ barrier function (13, 36) . Previous studies have shown intestinal tissue expression of occludin to be markedly decreased in patients with intestinal permeability disorder, including Crohn's disease, ulcerative colitis, and celiac disease (7, 9, 14, 55) , and in animal models of inflammatory bowel disease (11, 14) . It has been proposed that the decrease in intestinal occludin expression may be an important mechanism leading to the increase in intestinal epithelial TJ permeability. However, the evidence to support occludin depletion in intestinal TJ barrier function is lacking.
Other families of transmembrane TJ proteins have also been identified, including the claudin family of proteins and junctional adhesion molecules (3, 23, 42) . Recent studies have firmly established the involvement of claudins in the formation of TJ "pores," which serve as the TJ pathway for flux of small solutes and ions (50) . It appears that the pore pathway is mainly involved in intestinal ionic and fluid transport and is functional under normal physiological conditions (42, 46) . In addition, a nonrestrictive or large-channel pathway also exists, which may be formed in response to TJ-modulating agents and is responsible for the paracellular flux of larger molecules, including bacterial antigens (42, 49, 52). The molecular components that regulate flux through this nonrestrictive, large-channel pathway remain unclear (52) . The purpose of this study was to examine the role of occludin in intestinal epithelial TJ barrier function by small-interfering RNA (siRNA)-induced knock down of occludin in an in vitro (consisting of filter-grown Caco-2 monolayers) and in vivo (consisting of recycling perfusion of mouse small intestine) model of intestinal epithelia. Filter-grown Caco-2 cells are a widely used in vitro intestinal epithelial model system for studying the intestinal epithelial TJ barrier function (16, 34, 44) . Although derived from a colon carcinoma, when grown to mature monolayers, Caco-2 cells become differentiated and polarized such that their phenotype, morphologically, and functionally resembles the enterocytes lining the small intestine (16, 33) . Our data suggest that occludin expression is important for the maintenance of intestinal TJ barrier through the nonrestrictive or large-channel pathway and that occludin depletion leads to a selective or preferential increase in flux of macromolecules.
MATERIALS AND METHODS

Chemicals.
Cell culture medium (DMEM), trypsin, FBS, and related reagents were purchased from Life Technologies. Glutamine, penicillin, streptomycin, and PBS were purchased from Life Technologies-BRL. Anti-occludin, claudin-1, -2, -3, -5, and -8, and anti-␤-actin antibodies were obtained from Sigma-Aldrich. Horseradish peroxidase-conjugated secondary antibodies for Western blot analysis were purchased from Invitrogen. Fluorescein isothiocyanate (FITC) and Cy-3 antibodies for immunostaining were purchased from Jackson ImmunoResearch Laboratories. siRNA of occludin and transfection reagents were from Dharmacon (Chicago, IL). All other chemicals were of reagent grade and were purchased from Sigma-Aldrich, VWR, or Fisher Scientific.
Cell cultures. Caco-2 cells (passage 20) were purchased from the American Type Culture Collection and maintained at 37°C in a culture medium composed of DMEM with 4.5 mg/ml glucose, 50 U/ml penicillin, 50 U/ml streptomycin, 4 mM glutamine, 25 mM HEPES, and 10% FBS. The cells were kept at 37°C in a 5% CO 2 environment. Culture medium was changed every 2 days. Caco-2 cells were subcultured after partial digestion with 0.25% trypsin and 0.9 mM EDTA in Ca 2ϩ -and Mg 2ϩ -free PBS. siRNA occludin transfection. Occludin siRNA was obtained from Dharmacon. Caco-2 monolayers were transiently transfected using DharmaFect transfection reagent (Lafayette, CO). Briefly, 5 ϫ 10 5 cells/filter were seeded in a 12-well Transwell plate and grown to confluency. Caco-2 monolayers were then washed with PBS two times, 0.5 ml Accell medium was added to the apical compartment of each filter, and 1.5 ml were added to the basolateral compartment of each filter. Five nanograms (0.5 nmol) of the occludin siRNA and 2 l of DharmaFect reagent were preincubated in Accell. After 5 min of incubation, two solutions were mixed, and the mixture was added to the apical compartment of each filter (surface area 1 cm 2 ). The siRNA occludin transfection was carried out for 6 days. The efficiency of silencing was confirmed by Western blot analysis.
Determination of Caco-2 epithelial monolayer resistance and paracellular permeability. An epithelial voltohmeter (World Precision Instruments, Sarasota, FL) was used for measurements of the transepithelial electrical resistance (TER) of the filter-grown Caco-2 intestinal monolayers as previously reported by us (10, 24) . The effect of siRNA occludin transfection on Caco-2 paracellular permeability was determined using the following various-sized paracellular markers: 70 kDa dextran (mol wt ϭ 70,000 g/mol), 10 kDa dextran (mol wt ϭ 10,000 g/mol), inulin (mol wt ϭ 5,000 g/mol), mannitol (mol wt ϭ 182 g/mol), L-glucose (mol wt ϭ 180 g/mol), and urea (mol wt ϭ 60 g/mol). For determination of mucosal-to-serosal flux rates of the paracellular markers, Caco-2-plated filters having epithelial resistance of 350 -450 ⍀·cm 2 were used. Known concentrations (1.5 M) of 70 kDa dextran, 10 kDa dextran, inulin, mannitol, L-glucose, and urea with their radioactive tracer were added to the apical solution.
Assessment of protein expression by Western blot analysis. To study the effect of siRNA occludin transfection on protein expression of different TJ protein expression, Caco-2 monolayers were transfected with siRNA occludin for 6 days. At the end of the experimental period, Caco-2 monolayers were immediately rinsed with ice-cold PBS, cells were lysed with lysis buffer (50 mM Tris·HCl, pH 7.5, 150 mM NaCl, 500 M NaF, 2 mM EDTA, 100 M vanadate, 100 M phenylmethylsulfonyl fluoride, 1 g/ml leupeptin, 1 g/ml pepstatin A, 40 mM paranitrophenyl phosphate, 1 g/ml aprotinin, and 1% Triton X-100) and scraped, and the cell lysates were placed in Microfuge tubes. Cell lysates were centrifuged to yield a clear lysate. Supernatant was collected, and protein measurement was performed using a Bio-Rad Protein Assay kit (Bio-Rad Laboratories). Laemmli gel loading buffer was added to the lysate containing 10 -20 g of protein and boiled for 7 min, after which proteins were separated on an SDS-PAGE. Proteins from the gel were transferred to the membrane (Trans-Blot Transfer Medium, Nitrocellulose Membrane; BioRad Laboratories) overnight. The membrane was incubated for 2 h in blocking solution (5% dry milk in TBS-Tween 20 buffer). The membrane was incubated with appropriate primary antibody in blocking solution. After being washed in TBS-1% Tween buffer, the membrane was incubated in appropriate secondary antibody and developed using the Santa Cruz Western Blotting Luminol Reagents (Santa Cruz Biotechnology) on the Kodak BioMax MS film (Fisher Scientific).
Immunostaining of occludin and claudin-2. Junctional localization of occludin and claudin-2 was assessed by immunofluorescent antibody labeling. At the end of the experimental period, filter-grown Caco-2 monolayers were washed two times in cold PBS and were fixed with 2% paraformaldehyde for 20 min. After being permeabilized with 0.1% Triton X-100 in PBS at room temperature for 20 min, Caco-2 monolayers were then incubated in blocking solution composed of BSA and normal donkey serum in PBS for 1 h. Cells were then labeled with primary antibodies in blocking solution overnight at 4°C. After being washed with PBS, the cells were incubated in FITC and Cy-3-conjugated secondary antibodies for 1 h at room temperature. ProLong Gold antifade reagent (Invitrogen, CA) was used to mount the filters on the cover slips. Immunolocalizations of occludin and claudin-2 were visualized using a Confocal fluorescence microscope (LSM 510; University of New Mexico Imaging Center) equipped with a Hamamatsu digital camera (Hamamatsu Photonics, Hamamatsu, Japan). Images were processed with LSM software (Zeiss, Germany).
RNA isolation and reverse transcription. Caco-2 cells (5 ϫ 10 5 / filter) were seeded in six-well Transwell permeable inserts and grown to confluency. Filter-grown Caco-2 cells were then treated with appropriate experimental reagents for desired time periods. At the end of the experimental period, cells were washed two times with ice-cold PBS. Total RNA was isolated using the Qiagen RNeasy Kit (Qiagen) according to the manufacturer's protocol. Total RNA concentration was determined by absorbance at 260/280 nm using SpectrraMax 190 (Molecular Devices). The reverse transcription (RT) was carried out using the GeneAmp Gold RNA PCR core kit (Applied Biosystems, Foster City, CA). Two micrograms of total RNA from each sample were reverse transcribed into cDNA in a 40-l reaction containing 1ϫ RT-PCR buffer, 2.5 mM MgCl2, 250 M of each dNTP, 20 U RNase inhibitor, 10 mM DTT, 1.25 M random hexamer, and 30 U multiscribe RT. The RT reactions were performed in a thermocycler (MyCycler; Bio-Rad, Hercules, CA) at 25°C for 10 min, 42°C for 30 min, and 95°C for 5 min.
Quantification of gene expression using real-time PCR. The realtime PCRs were carried out using the ABI prism 7900 sequence detection system and the Taqman universal PCR master mix kit (Applied Biosystems, Branchburg, NJ) as previously described (1, 2).
Each real-time PCR reaction contained 10 l RT reaction mix, 25 l 2ϫ Taqman universal PCR master mix, 0.2 M probe, and 0.6 M primers. Primer and probe design for the real-time PCR was made with Primer Express version 2 from Applied Biosystems. The sequences of the primers and the probes are shown in Table 1 . All runs were performed according to the default PCR protocol (50°C for 2 min, 95°C for 10 min, 40 cycles of 95°C for 15 s, and 60°C for 1 min). For each sample, real-time PCR reactions were performed in triplicate, and the average threshold cycle (C t) was calculated. A standard curve was generated to convert the Ct to copy numbers. Expression of occludin or claudin mRNA was normalized with glyceraldehyde-3-phosphate dehydrogenase mRNA expression. The average copy number of mRNA expression in control samples was set to 1.0.
Animal surgery and in vivo transfection of occludin siRNA. The Laboratory Animal Care and Use Committee at the University of New Mexico approved all experimental protocols. Male C57BL/6 mice (9 -10 wk) were purchased from Jackson Laboratories (Bar Harbor, ME). The mice were kept two per cage in a temperature-controlled room at 25°C with a 12:12-h light-dark cycle (lights on at 0700). Diet and drinking water were provided ad libitum. Mice were fasted for 24 h before the surgery. Mice were anesthetized with isoflurane (4% for surgical induction, 1% for maintenance) using oxygen as carrier during surgical procedures. Surgical procedures were performed using sterile technique. The abdomen was opened by a midline incision, and a 6-cm intestine segment was isolated at the proximal and distal ends and tied with sutures. siRNA transfection solution (0.5 nmol) containing Accell medium, 2.5 nmol occludin siRNA, and 15 l transfecting agent DharmaFect (Dharmacon) was introduced in the isolated intestine segment (surface area 6 cm 2 ) for a 1-h transfection period. Control animals underwent sham operation, where the siRNA transfection solution contained Accell medium, 2.5 nmol nontarget siRNA, and 15 l transfection reagent DharmaFect. The abdominal cavity was covered with moistened gauze. Body temperature was monitored continuously with a rectal probe and maintained at 37.5 Ϯ 0.5°C using a heating pad. After a 1-h transfection period, each end of the intestinal segment was untied, the intestine was placed back in the abdominal cavity, and the abdomen was closed. Three days following transfection, functional studies of intestinal epithelial barrier were performed. The surgery and the in vivo transfection procedures had no effect on the food intake and the body weight of the animals during the experimental period. The average animal weight was averaged between 23 and 25 g during the experimental period.
Epithelial resistance measurement in Ussing chambers. The small intestinal tissue epithelial resistance was measured using an Ussing chamber 3 days after in vivo occludin siRNA transfection mice were anesthetized with isoflurane. After midline incision of the abdomen, the small intestine was dissected out, and a 1-to 1.5-cm sample was vertically mounted in Ussing chambers that provided an exposed area of 0.126 cm 2 as described previously (20) Intestinal permeability measurement. The intestinal permeability was measured by recycling small intestinal perfusion as previously described (12) (13) (14) . Three days after occludin siRNA transfection in vivo, mice were anesthetized with isoflurane. After midline incision of the abdomen, a 5-cm siRNA-transfected intestine segment was isolated and cannulated at the proximal and distal ends with 0.76 mm internal diameter polyethylene tubing. Flushing solution (140 mM NaCl and 10 mM HEPES, pH 7.4) warmed to 37°C was first perfused through the intestine at 1 ml/min for 20 min followed by air flush to remove residual contents using a external pump (Bio-Rad Laboratories). This was followed by perfusion of 5 ml perfusate solution (in mM: 85 NaCl, 10 HEPES, 20 sodium ferrocyanide, 5 KCl, and 5 CaCl2, pH 7.4.) containing Texas red-labeled dextran (10 kDa) in a recirculating manner at 0.75 ml/min for 2 h. The abdominal cavity was covered with moistened gauze, body temperature was measured via a rectal thermometer, and temperature was maintained at 37.5 Ϯ 0.5°C using a heating lamp. One-milliliter aliquots of test solution were removed at the beginning and end of the perfusion. After perfusion, the animal was killed, the perfused intestine segment was excised, and the length was measured. The excised intestinal loop was then snap-frozen in optimum cutting temperature compound or used for protein and RNA analysis. Ferrocyanide concentration in the perfusate was measured using colorimetric assay. Texas red-labeled 10 kDa dextran concentration was measured using an excitation wavelength of 595 nm and an emission wavelength of 615 nm in a microplate reader. Probe clearance was calculated as C probe ϭ (CiVi Ϫ CfVf)/(CavgTL), where Ci represents the measured initial probe concentration, Cf represents the measured final probe concentration, Vi represents the measured initial perfusate volume, Vf was calculated as Vi([ferrocyanide]i/[ferrocyanide]f), Cavg was calculated as (Ci Ϫ Cf)/ ln(Ci/Cf), T represents hours of perfusion, and L represents the length of the perfused intestine section in centimeters.
Laser capture microdissection of intestinal epithelial cells. Frozen mouse tissue sections were fixed with 75% ethanol for 30 s, hematoxylin and eosin stained for 20 s, and dehydrated with 75% ethanol for 30 s, 95% ethanol for 30 s, 100% ethanol for 30 s, and xylene for 5 min. After dehydration, sections were air-dried for 5 min. The arcturus PixCell II system (Molecular Devices, Sunnyvale, CA) was used for microdissection and laser capture. The intestinal epithelial cells from the mucosal surface were captured using a 7.5-Mdiameter laser beam typically at 80 -100 mV power with pulse duration of 0.5-1.0 ms. On average, about 500 shots were taken per cap, and ϳ1,000 enterocytes were obtained per cap. Microdissection caps were inserted in 0.5-ml microcentrifuge tubes containing 350 l of lysis buffer, and total RNA was isolated.
Statistical analysis. Results are expressed as means Ϯ SE. Statistical significance of differences between mean values was assessed with Student's t-tests for unpaired data and ANOVA whenever required. All reported significance levels represent two-tailed P values. A P value of Ͻ0.05 was used to indicate statistical significance. Each experiment in Caco-2 monolayers was performed in triplicate or quadruplicates (n ϭ 3 or 4), and all experiments were repeated three times to ensure reproducibility. Each experiment in mouse intestine in vivo was performed at least four times. Occludin 5=-CCCCATCTGACTATGTGGAAAGA-3= (forward) 5=-AAAACCGCTTGTCATTCACTTTG-3= (reverse) FAM 5=-TGACAGTCCCATGGCATACTCTTCCAATG-3= TAMRA (probe) Claudin-2 5=-CTACTGAGAGGTCTGCCAT-3= (forward) 5=-GGCACCGACATAAGAACTTG-3= (reverse) FAM 5=-CCTAGGATGTAGCCCACAAGTTGC-3= TAMRA (probe) GAPDH 5=-CCACCCATGGCAAATTCC-3= (forward) 5=-TGGGATTTCCATTGATGACCAG-3= (reverse) JOE 5=-TGGCACCGTCAAGGCTGAGAACG-3= TAMRA (probe)
RESULTS
siRNA-induced silencing of occludin does not affect Caco-2 TER.
Epithelial electric resistance is a measure of paracellular conductance of ionic species across the epithelial barrier. To examine the role of occludin in the maintenance of Caco-2 TER, occludin depletion was induced by siRNA silencing of occludin in filter-grown Caco-2 monolayers. The occludin siRNA transfection produced a decrease in occludin mRNA level (Fig. 1A) and a near-complete knock down of occludin protein expression (Fig. 1B) . The control Caco-2 monolayers achieved a steady-state TER of 350 -450 ⍀·cm 2 when grown on 12-well Transwell filters (Fig. 1C) . The siRNA-induced occludin knock down did not have a significant effect on Caco-2 TER (Fig. 1C) , suggesting that occludin depletion does not affect ionic conductance.
Occludin knock down causes an increase in paracellular flux of macromolecules. In the following studies, the effect of occludin depletion on transepithelial permeation of increasing molecular size paracellular probes was examined. The effect of occludin depletion on paracellular flux of urea (mol wt ϭ 60 g/mol) (32) and simple sugar probes mannitol (mol wt ϭ 182 g/mol) (31) and L-glucose (mol wt ϭ 180 g/mol) (15) was determined. The siRNA-induced occludin depletion resulted in a three-to-fourfold increase in urea flux and a five-to sixfold increase in mannitol and L-glucose flux rates (Fig. 2, A-C) . Next, the effect of occludin knock down on flux of commonly used macromolecular probes inulin (mol wt ϭ 5,000 g/mol) (29) and dextran [mol wt ϭ 10,000 g/mol (27) and 70,000 g/mol (21, 38)] was determined. Occludin knock down resulted in an ϳ25-fold increase in inulin and 10 kDa dextran flux rates (Fig. 2, D and E) and a 45-fold increase in 70 kDa dextran flux rate (Fig. 2F) . The molecular weight and the published molecular radius of the paracellular markers used in this study are shown in Table 2 . To determine the relationship between probe molecular size and increase in flux rates, molecular radii were plotted against the proportional increase in flux rates (Fig. 2G ). There was a linear relationship (correlation coefficient, r ϭ 0.98) between increasing molecular size of the probe and the increase in relative flux rates, indicating that occludin depletion causes a proportionally greater increase in the flux rate of larger-sized molecules.
Occludin depletion has differential effect on transmembrane TJ protein expression. The effect of occludin depletion on expression of other transmembrane TJ proteins, including claudin-1, -2, -3, -5, and -8, was examined. These proteins were selected since they have been implicated in TJ barrier function and are known to be expressed in intestinal epithelial cells (3). The siRNA-induced knock down of occludin did not affect expression of claudin-1, -3, -5, or -8 but caused an increase in claudin-2 expression (Fig. 3A) . siRNA-induced knock down of occludin also did not affect claudin-1, -3, -5, or -8 mRNA level (Fig. 3B ) but caused an increase in claudin-2 mRNA expression (Fig. 3C) , suggesting that the increase in claudin-2 expression was related to the increase in claudin-2 transcription. Next, the effect of occludin depletion on junctional localization of TJ proteins was examined by immunofluorescent antibody labeling. Consistent with the immunoblot studies, siRNAinduced knock down of occludin resulted in a decrease in intensity of occludin staining and an increase in claudin-2 staining at the apical junctions (Fig. 4) . In the following studies, the possibility that the occludin depletion-induced increase in Caco-2 paracellular permeability was mediated in part by an increase in claudin-2 expression was examined. In these studies, the effect of siRNA-induced knock down of claudin-2 expression on occludin depletion-induced increase in paracellular permeability was determined. The siRNA-induced silencing of claudin-2 did not affect the occludin depletioninduced increase in inulin or 70 kDa dextran flux (Fig. 5, A and  B) . Claudin-2 knock down also did not affect the increase in the flux rate of mannitol (Fig. 5C ) but inhibited the flux rate of the smaller-sized probe urea (Fig. 5D). [Because of its small molecular radius, urea permeates across the claudin-2-depen- 
transepithelial electrical resistance (TER).
A: siRNA occludin transfection caused a significant decrease in occludin mRNA levels as measured by real-time PCR (4 days posttransfection). *P Ͻ 0.001 vs. control. B: siRNA occludin transfection resulted in a near-complete depletion of occludin expression as assessed by Western blot analysis (6 days posttransfection). C: siRNA-induced knock down of occludin did not affect Caco-2 TER over the 6-day experimental period compared with controls. dent TJ pore (50) .] These results suggested that the increase in claudin-2 expression did not play a role in the increase in flux rate of larger-sized molecules.
siRNA-induced knock down of occludin in vivo causes an increase in mouse intestinal permeability. In these studies, we transfected the mouse small intestinal mucosal surface with occludin siRNA in vivo and then, 3 days later (allowing sufficient time to induce occludin depletion), the effect of siRNA transfection on occludin depletion and intestinal permeability was determined. The effect of occludin siRNA transfection on occludin protein and mRNA expression was determined in the resected small intestinal tissue. Occludin siRNA transfection resulted in a near-complete depletion of occludin protein expression by day 3, as assessed by Western blot analysis (Fig. 6A) . Occludin siRNA transfection also resulted in a decrease in tissue mRNA expression, as determined by real-time PCR (Fig. 6B) . The effect of occludin knock down on the intestinal tissue claudin-2 expression was also examined. Occludin siRNA transfection in vivo caused an increase in intestinal tissue claudin-2 protein and mRNA expression (Fig.  6, C and D) . However, occludin silencing did not affect the intestinal tissue expression of claudins-1, -3, -5, and -8 (Fig. 6,  E and F) . Because intestinal tissue consists of a number of different cell types, in the following studies, a pure population of intestinal epithelial cells was isolated by laser capture microdissection from the intestinal mucosal surface (Fig. 7A) , Fig. 2 . Effect of siRNA-induced knock down of occludin on transepithelial flux of increasing-molecular-size paracellular markers across filter-grown Caco-2 monolayers. A: occludin depletion caused a 3-to 4-fold increase in urea flux (means Ϯ SE, n ϭ 6). *P Ͻ 0.001 vs. control. B and C: occludin depletion caused a 5-to 6-fold increase in mannitol and L-glucose flux (means Ϯ SE, n ϭ 6). *P Ͻ 0.001 vs. control. D and E: occludin depletion caused an ϳ25-fold increase in inulin and 10 kDa (K) dextran (Dex) flux (means Ϯ SE, n ϭ 6). *P Ͻ 0.0005 vs. control. F: occludin depletion caused an ϳ45-fold increase in 70 kDa dextran flux (means Ϯ SE, n ϭ 6). *P Ͻ 0.0001 vs. control. G: graph of molecular radius of paracellular markers vs. relative increase in flux rate following occludin siRNA transfection (relative correlation coefficient, r ϭ 0.98). and the effect of occludin siRNA transfection on enterocytes occludin mRNA levels was determined. The occludin siRNA transfection in vivo resulted in a decrease in occludin mRNA level in the intestinal epithelial cells, confirming that occludin siRNA causes a depletion of occludin expression in enterocytes (Fig. 7B) . Additionally, occludin depletion in small intestinal tissue caused an increase in the enterocytes claudin-2 mRNA levels (Fig. 7C) . The effect of occludin knock down on intestinal permeability was then determined using FITC-labeled dextran (10 kDa) as the macromolecular marker. Occludin knock down resulted in a twofold increase in dextran flux (Fig. 8A) . Next, the effect of occludin knock down on tissue TER was determined by mounting intestinal tissue in an Ussing chamber. The siRNA-induced knock down of occludin did not affect intestinal tissue TER (Fig. 8B) . These results indicated that siRNA-induced depletion of occludin in enterocytes in vivo also leads to an increase in intestinal permeability to dextran without affecting the tissue TER. [It should be noted that the level of increase in dextran flux in vivo following occludin knock down was similar to those reported in other in vivo models of increase in intestinal permeability (8, 25) . In both IL-10-deficient mice and in in vivo tumor necrosis factor-␣ treatment, the increases in dextran flux rates were 1-to 2-fold compared with the control mice.]
DISCUSSION
An important question persists regarding the role of occludin in intestinal epithelial TJ barrier function. Because occludin levels are decreased in intestinal tissue in patients with intestinal permeability disorders (7, 9, 14, 55) , understanding the relevance of occludin depletion on intestinal TJ barrier function has both clinical and scientific relevance. Although earlier in vitro studies in cell culture systems suggested that occludin may be involved in TJ barrier function, more recent studies have called this into question. Most notably, occludin-deficient mice were found to lack any morphological or functional deficiencies in intestinal epithelial barrier function, arguing against a functional role. The major aim of the present study was to examine the role of occludin in intestinal epithelial TJ barrier function by selective knock down of occludin in intestinal epithelial cells both in vitro and in vivo. Our data show that siRNA-induced knock down of occludin in filter-grown Caco-2 monolayers causes a molecular size-dependent increase in paracellular probe flux across the intestinal epithelial TJ barrier. The occludin knock down caused a marked increase in macromolecule flux rates but had only modest effect on flux of smaller-sized probes and even lesser effect on TER (measure of ionic flux). Similarly, occludin knock down in mouse enterocytes in vivo also caused an increase in intestinal flux of the macromolecular probe but did not affect tissue TER. These data suggested that occludin plays an important role in paracellular barrier function to flux of large macromolecules. This is in distinction to claudins, which appear to mainly affect the flux of smaller-sized molecules and ions through a fixed pore size (49, 52) .
The functional role of occludin has been debated since its initial discovery by Furuse et al. (13) in 1993, and the controversy regarding its role in TJ barrier function persists (3, 37) . In earlier studies, occludin was shown to localize at the TJ Reference nos. in parentheses. strands (12, 13, 17) , and a functional role was hypothesized. In support of a functional role in cell-to-cell adhesion, Van Itallie and Anderson (47) showed that expression of occludin conferred an adhesive property to fibroblasts. The occludin-induced increase in fibroblast cell-to-cell contact was inhibited by synthetic peptide containing an amino acid sequence corresponding to the first extracellular loop of occludin, demonstrating that extracellular loop interaction was required for the cell-to-cell contact. The overexpression of occludin in MadinDarby canine kidney (MDCK) cells resulted in a 32% increase in steady-state TER and an increase in TJ strand number (28), suggesting a functional role in TJ strand formation and in TJ barrier (28) . Conversely, Bamforth et al. (5) showed that expression of a dominant mutant occludin construct lacking the NH 2 -terminus and the extracellular domain resulted in an inhibition of TER development and a marked increase (57-fold increase) in dextran (4 kDa) flux in submandibular gland epithelial cells CSG 120/7 (5). The loss of TJ barrier function was accompanied by a morphological disturbance in TJ strands (5) . There have also been a number of studies showing that occludin phosphorylation or endocytosis leads to a loss of TJ barrier function (26, 39, 41) . Together, these studies supported a functional role for occludin in TJ barrier. However, there have also been several compelling studies arguing against a functional role for occludin in TJ barrier function (35, 37, 53) . Using embryonic stem cells, Saitou et al. (35) found that occludin-deficient stem cells differentiated into polarized epithelial cells with well-developed TJs and a functional TJ barrier similar to the occludin-expressing wild-type stem cells, indicating that occludin was not required for the development of barrier or fence functions of TJs in embryonic stem cells. Consistent with these findings, occludin-deficient mice were born without detectable alterations in intestinal epithelial TJ morphology as assessed by transmission electron microscopy and freeze fracture analysis (36) . Functional studies in occludin-deficient mice also did not reveal any abnor- malities in epithelial barrier function in gastric, small intestine, large intestine, or urinary bladder tissue as assessed by TER or mannitol flux studies, prompting the investigators to conclude that "occludin is not required for the formation of TJ strands" and that evidence points "against an essential role of occludin for the barrier formation within the tight junction strand heteropolymer" (37) . Similarly, Yu et al. (53) also reported that occludin-deficient MDCK cells were able to attain normal steady-state TER and barrier function to paracellular probes. In combination, these studies provided strong evidence against a functional role for occludin in TJ barrier function.
Does occludin have a role in intestinal TJ barrier? Our present data show that occludin does have an important role in intestinal TJ barrier. Similar to the previous reports by Saitou et al. (35) and Yu et. al (53) , in our studies, occludin knock down did not affect Caco-2 TER or mouse intestinal tissue TER. The probe molecular size/flux rate analysis indicated that occludin depletion causes a progressive size-dependent increase in paracellular flux rate, such that the relative flux rate of urea (molecular radius 2.9 Å), mannitol (4.1 Å), inulin (15 Å), 10-kDa dextran (23 Å), and 70-kDa dextran (36 Å) increased by 3-to 4-fold, 5-to 6-fold, ϳ25-fold, ϳ25-fold, and ϳ45-fold, respectively. Thus occludin depletion leads to a proportionally greater increase in flux rate for larger-sized molecules (Fig. 2G) . These data show that occludin depletion selectively or preferentially affects the flux rates of macromolecules such as inulin and dextran to a much greater extent than the smaller-sized molecules mannitol and L-glucose. Interestingly, occludin knock down also caused a selective increase in claudin-2 expression. As far as we are aware, this is the first reported study showing that claudin-2 expression was increased when occludin expression was knocked down by siRNA transfection. The possibility that the increase in claudin-2 expression contributed to the increase in macromolecule flux was also considered; however, silencing of claudin-2 expression did not affect the occludin depletion-induced increase in macromolecule flux, indicating that the increase in macromolecule flux was not related to the increase in claudin-2 expression.
Our data suggested that occludin modulates paracellular flux through the nonrestrictive or large-channel TJ pathway, which is responsible for the large molecule flux (51, 52) . Watson et al. (52) previously reported the existence of two distinct paracellular pathways that regulate the molecular flux across the intestinal epithelial TJ barrier. Using increasing molecular weight fractions of polyethylene glycol (PEG), they identified a size-restrictive pore pathway responsible for the flux of small-sized PEG fractions. They showed that, in mature Caco-2 and T84 intestinal monolayers, PEG molecular weight fractions with molecular radius Ͻ4 Å readily permeated across the TJ barrier. On the other hand, PEG molecules Ͼ4 Å in molecular radius were mostly excluded from permeation across the intestinal monolayers. They concluded that TJ pores with fixed pore size of ϳ4 -4.5 Å in radius were responsible for the flux of PEG molecules having molecular radius Ͻ4 Å. They also described the existence of a nonrestrictive pathway that allowed paracellular flux of larger-sized molecules in response to TJ barrier-modulating agents (52) . Following treatment with the TJ barrier-disrupting agent EGTA (a Ca 2ϩ -binding agent), there was a significant increase in the flux of all PEG fractions across both T84 and Caco-2 monolayers, without regard to molecular size. Interestingly, the increase in flux rates was proportionately much greater for the larger-sized PEG molecules than the smaller PEG molecules. Based on these results, Watson et al. (52) concluded that a high-capacitance sizerestrictive pore pathway (ϳ4 -4.5 Å in radius) was normally present in the mature intestinal epithelial monolayers and that a nonrestrictive or large-channel pathway (that allows the flux of larger-sized molecules without restriction to size) was created in response to TJ-disrupting agents (52) . In subsequent studies, Van Itallie et al. (49) also reported that the 4-Å pore pathway was present in other epithelial cell systems, including in isolated pig ileum and in high-and low-resistance MDCK cell lines, and suggested that the pore pathway was present in different epithelial cell types regardless of the relative tightness of the epithelial barrier. They also reported that the flux characteristics of the restrictive pore pathway were regulated by the pore composition of claudin proteins (49) . Overexpression of claudin-2 caused an increase in the pore number without affecting the pore size, whereas claudin-4 and -8 expression affected the charge selectivity of the pore pathway without affecting the pore number (45, 46, 54) . Van Itallie et al. concluded that claudins are "constituents of the pores of radius 4 Å and that pore numbers and pore characteristics (but not pore size) of TJs are determined by differences in claudin expression." They also reported the existence of a nonrestrictive, size-independent pathway that regulated the flux of largersized molecules (49) . Together these studies have identified the existence of two distinct TJ paracellular pathways: a claudindependent, size-restrictive pore pathway responsible for flux of solutes Ͻ4 Å and a nonrestrictive, large-channel pathway responsible for the flux of large-sized molecules, including macromolecules and bacterial antigens. Our data suggest that occludin expression is important for the maintenance of the nonrestrictive, large-channel pathway.
In conclusion, our data provide new insight into the role of occludin in intestinal epithelial TJ barrier function. Our results indicate that occludin depletion in intestinal epithelial cells in vitro and in vivo leads to a molecular size-dependent increase in paracellular flux of larger-sized molecules. These data, combined with previous publications, suggest that claudins have a functional role in the regulation of ionic and small molecule flux through the TJ pores (4 Å in radius) (48) , whereas occludin functions in the regulation of flux of large macromolecules, presumably through the nonrestrictive or large-channel pathway. We speculate that, under normal healthy conditions, intestinal epithelial barrier is effective in preventing macromolecular flux but readily allows flux of ions and small molecules through the claudin-regulated pore pathway (48, 51) ; however, during pathological conditions, occludin depletion leads to the opening of the nonrestrictive pathway, allowing paracellular flux of macromolecules, including bacterial antigens, which leads to an inflammatory response (23, 30) . Thus our data suggest a new role for occludin in intestinal TJ barrier regulation. 
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